Doubly dressed states in a ladder-type two-photon, three-level coupling system are observed. The electromagnetically induced transparency ͑EIT͒ doublet signal is interpreted as arising from the absorption and gain components of the Mollow spectrum. The separation of the EIT doublet matches the theoretical prediction. A numerical simulation demonstrates that the Doppler velocity group may perturb the light shift from the symmetric center of the EIT doublet. The quantum nature of the EIT system significantly suppresses Doppler broadening.
I. INTRODUCTION
The dressed state picture of a system of atom-photon interactions has been extensively studied ͓1͔. The simplest atom-photon interaction is the two-level system that is coupled by one coherent field. A theoretical description was presented and experimental observations made before the dressed state picture was presented ͓2,3͔. The three-level system coupled by two photon fields is associated with a nonlinear mechanism which is known as the Autler-Townes doublet ͓4͔, coherent population trapping ͓5,6͔, or electromagnetically induced transparency ͑EIT͒ ͓7͔. Applications of coherent superposition among the quantum states generated from such interactions have seen numerous breakthroughs over past decades ͓8͔. One transition pathway can be regarded as a "turning knob," mediated by the atomic coherence, that interferes with the other pathway. The ability to modify greatly either the real or the imaginary part of the transition susceptibility using this knob has attracted considerable attention in a variety of fields in physics, including the cooling of atoms below the photon recoil limit ͓9͔, lasing without population inversion ͓10͔, and the realization of highly accurate clocks ͓11͔. Coherence effects such as twophoton inhibition and enhancement ͓12͔, evolution of double dark states ͓13͔, photon switching ͓14͔, and Kerr nonlinearity ͓15͔ have been exhibited. Additionally, along with advances in laser cooling and trapping, the dressed state picture has been very helpful in the interpretation of polarization gradient cooling ͓16͔. Other applications of the dressed state approach, such as recoil-induced resonance ͓17͔, collective atomic recoil lasing ͓18,19͔, the velocimetry of cold atoms ͓20͔, superradiant Rayleigh scattering, and Bragg scattering in the Bose-Einstein condensate ͓21͔ have been demonstrated to be important in investigating physics of the dressed state approach. Beyond the fascinating physics of the threelevel system, the dressed states can be further perturbed by an additional field to drive the dressed states coherently to a fourth state, which can be called a double dark state ͓22,23͔. However, when both fields are sufficiently strong, and one is far detuned, the atom-photon interaction can also create the doubly dressed state under the two-photon, three-level coupling scheme. This work presents observations of a simultaneous Mollow spectrum and EIT under a ladder-type configuration. The experimental studies involve three atomic cesium eigenstates with allowed electromagnetic coupling between the lower-and upper-level pairs. Consider the threelevel ladder system shown in Fig. 1 , where we neglect the interparticle collision and assume the system to be closed. Atoms are driven by two coherent fields, each nearly stepwise resonant with one of two allowed transitions. The pump field drives the lower-pair ͉1͘ ↔ ͉2͘ transition with Rabi frequency ⍀ p at frequency p , and the coupling field drives the transition ͉2͘ ↔ ͉3͘ with Rabi frequency ⍀ c at frequency c . Let ⌬ p be the pump field detuning with respect to the ͉1͘ ↔ ͉2͘ transition, and ⌬ c be the coupling field detuning of the ͉2͘ ↔ ͉3͘ transition. The decay rates of the intermediate state ͉2͘ and excited state ͉3͘ are denoted as ⌫ 2 and ⌫ 3 , which are 5.22 and 2.18 MHz, respectively. The stationary and transient behavior of the system can be well described and the steady-state solution of the pump beam absorption profile presented explicitly under the weak pump strength approximation ͓24͔: 
Notably, in the above formula, the strong coupling strongly drives the upper transition, and dressed states are formed with the superposition of the states ͉2͘ and ͉3͘. Then, the system evolves into the enhanced absorption regime as the pump field strength increases gradually, finally exceeding the effective excited state decay rate, such that the pump field further dresses the lower transition. Theoretically, this evolution is associated with the pump strength's higher-order terms becoming dominant. In the limit ⌬ p ӷ⍀ p ӷ⌫ 2 ͓17͔, the lower transition is greatly dressed because the ac Stark splitting is governed by
When both of the transitions are strongly dressed, Eq. ͑1͒ fails to characterize the absorption profile, and a comprehensive picture is given using the dressed state approach for our experiment. That is conducted herein.
II. EXPERIMENTAL SETUP
Our experiments were performed on a room-temperature atomic cesium cell with a length of 10 cm and a diameter of 2 cm, the vapor pressure is estimated to be 2 ϫ 10 −6 torr, and no buffer gas is present in the cell to prevent unwanted mixed-species collisions. The cesium atoms are excited by two linearly polarized fields with parallel polarization, as shown in Fig. 2 . The pump beam is provided by an external cavity diode laser ͑Sacher TEC100, 100 mW͒, which produces a continuous wave ͑cw͒ at 852 nm, which is collimated into the cell. A mechanical chopper modulates the intensity of the pump beam at 1 kHz. The frequency of the pump laser is stabilized on a Doppler-free saturation absorption spectrum ͑DFSAS͒, and the detuning ⌬ p is varied relative to the transition ͉6 2 S 1/2 , F =4͘ ↔ ͉6 2 P 3/2 , F =5͘ using an acousto-optical modulator ͑AOM͒. The coupling beam, which is produced by a tunable cw Ti:sapphire laser ͑Coher-ent Autoscan 899-29͒ is collimated into a 5-mm-diameter beam that propagates in a direction opposite to that of the pump beam. The coupling beam is scanned across the ͉6 2 P 3/2 , F =5͘ ↔ ͉8 2 S 1/2 , F =4͘ transition for each pump beam detuning. The transmission profile of the pump beam is monitored by a homemade transimpedance amplifier which converts the photocurrent generated by the sensitive infrared detector ͑Thorlabs FDS 100͒ into a voltage signal in photodetector 1 ͑PD1 in Fig. 2͒ . The lock-in amplifier demodulates the converted voltage, which is then recorded on a personal computer ͑PC͒. A bare diode ͑SDL BA630, indicated as Cal͒ is frequency injection-locked to the hyperfine transition
The detected beam of the coupling field interacts with the injection-locked field in another cesium cell, and the transmission intensity of this injection-locked laser is monitored by PD2, supporting the calibration of both the coupling frequency and the pump beam signal as the coupling frequency is scanned. With the coupling laser on and tuned across the resonance of the upper transition, the induced atomic coherence modifies the absorption of the pump field. Figure 3 shows the measured pump beam transmission spectrum. As the coupling frequency is scanned with ⌬ p =0, one distinct transparency peak appears, corresponding to the Fig. 3 is the calibration peak, which corresponds to the same mechanism as the above signal; this signal is on resonance with the transition
III. RESULTS AND DISCUSSION
When the pump field is red detuned, ⌬ p = −54 MHz, two asymmetric peaks ͑hollow circles͒ are observed. The origin of the emergence of the two peaks can be interpreted in terms of the strongly driven Mollow structure of the lower transition. The plot clearly shows that the light shift that is caused by the ac Stark effect shifts the center of the two peaks relative to the central resonance corresponding to ⌬ p =0. Figure 4 depicts this observation in detail. The initial uncoupled levels ͉1,N͘ and ͉2,N͘ contain information on the atomic bare states ͉1,2͘, and the average number of photons ͗N͘ in the laser mode. The condition ͗N͘ → ϱ must be satisfied to obtain a stationary result. The Hamiltonian of the lower transition is H P + H A , where
is the Hamiltonian of the laser mode of the pump field, a † and a are the creation and annihilation operators, and
is the atomic Hamiltonian, based on the assumption that the eigenstates ͉1,2͘ have energies 0 and ប 12 , respectively. In the strong pump driving scheme, the perturbed or the dressed states of the lower transition from Eqs. ͑3͒ and ͑4͒ are given by ͉a͑N͒͘, ͉b͑N͒͘, ͉a͑N −1͒͘, and ͉b͑N −1͒͘. The frequency spacing between these allowed transitions is
͉b͑N͒͘ ↔ ͉b͑N − 1͒͘, 0 , ͑5b͒
where 0 is the transition frequency of the central components ͓Eqs. ͑5b͒ and ͑5c͔͒. These transitions are further coupled by the coupling field to the higher state. Notably, the coupling beam serves as a "probe" beam to probe the dressed structures of the lower transition, but it also strongly drives the upper transition, so that the system is doubly dressed and in total constructs four sets of stepwise EIT transitions from the ͉6 2 S 1/2 , F =4͘ to the ͉8 2 S 1/2 , F =4͘ state. However, when two-photon stepwise resonance occurs, the stimulated emission and absorption rates for the lower transitions are equal in Eqs. ͑5b͒ and ͑5c͒, and the manner of probing the Mollow structure to the higher state contributes an additional decay rate of ⌫ 3 to the transitions, possibly causing failure of the secular approximation ͓1͔. These facts explain the vanishing of the central component and the fact that the two sidebands in Eqs. ͑5a͒ and ͑5d͒ are observed in the absorption spectra. Figure 5 shows the evolution of the line shape of the EIT doublet as ⌬ p varies. Figure 5 includes three signatures. The first, the position of the maximum peak in relation to the position of the smaller peak, changes as the sign of ⌬ p changes. The second, the center frequencies of both peaks, changes with the ⌬ p value; this variation is the light shift that is presented in Fig. 3 . The third, the splitting of the EIT doublet, widens as ͉⌬ p ͉ increases. These characteristics closely match the Mollow spectrum ͓3͔. Equations ͑5a͒ and ͑5d͒ clearly indicate that the frequency difference of the EIT doublet equals
For a quantitative comparison, Fig. 6 plots the experimental frequency splitting of the EIT doublet as a function of ⌬ p . The splitting of the EIT doublet is compared with the theoretical curve from Eq. ͑6͒. The theory and experiment agree reasonably closely with no free parameters. The interpolation of the theoretical curve yields the effective Rabi frequency of 17.56 MHz, which agrees closely with the estimate. Figure 7 plots the light shift deduced from the experimental points as a function of ⌬ p . The plot exhibits considerable irregularity. The experimental line shape is considered with reference to Eq. ͑2͒ in Ref. ͓3͔, as shown in Fig. 8 , to elucidate the strange behavior of the light shift. A large ⌬ p regime was selected to satisfy the secular approximation. The solid curve represents the line shape without integration of the velocity group, and the amplitude of the absorption component is normalized to the maximum peak in the spectrum. The simulation demonstrates that the experimental linewidth is broader than the theoretical one. Moreover, the secondary peak of the experimental spectrum, which corresponds to the gain component of the Mollow spectrum, has a larger amplitude than that theoretically simulated. We posit that the difference is associated with the additional contribution from the transparency property due to the nature of EIT.
The dashed curve in Fig. 8 plots the simulated results when the Dopper velocity group is considered, so the detuning of the two fields is modified as
where c is the light speed, and V ជ is the velocity of the cesium atoms in the laser beam propagation direction. The velocity distribution is summed over conventional MaxwellBoltzmann statistics ͑at 300 K͒. The simulation indicates that Doppler averaging substantially broadens the observed spectrum and shifts the peak position, explaining why the abnormal light shift is induced mainly by the velocity group. However, these results also suggest that Doppler broadening was suppressed by the quantum interference between the transition pathways in the EIT scheme. Incorporating the above mechanism thus qualitatively explains the spectrum.
IV. CONCLUSIONS
Doubly dressed states were observed in a roomtemperature atomic sample. The normal method for probing the strongly driven two-level system was not used. Rather, this work demonstrated the approach of elucidating the Mollow spectrum of the lower transition based on the EIT configuration, which is generated from the dressed state of the upper transition. The absorption and the gain components are observed and interpreted as the EIT doublet structure. The spacing of the EIT doublet is strongly consistent with the theoretical description of the Mollow spectrum, and the numerical simulation demonstrates that Doppler broadening can be greatly reduced using this detection technique. The simulation results also show that the Doppler velocity group can cause an exotic light shift. Experimental evidence shows that the dressed state approach offers a simple interpretation of the observed transparency multiples in the spectrum.
ACKNOWLEDGMENT
We wish to acknowledge the support of this work by the National Science Council, Taiwan. 
